To achieve reliable transmission of detonation waves to a pulse detonation engine (PDE) combustor (detonation chamber), the authors propose a PDE initiator that uses a cylindrical reflector downstream of a predetonator exit. The detonation wave propagates around the reflector to change the wave shape in three transition stages: from a planar detonation wave in the predetonator to an expanding cylindrical detonation wave, from the cylindrical wave to a planar toroidal detonation wave, and from the toroidal wave to a planar 
I. Introduction
pulse detonation engine (PDE) in which propellant burns in intermittent detonation waves has attracted attention because of its simplicity and theoretically high thermal efficiency [1] [2] [3] [4] . A major issue that needs to be resolved for practical use of the PDE is "detonation initiation." When a PDE operates in air-breathing mode, the combustible gas is likely to be a fuel-air mixture, and its detonation sensitivity of the combustible mixture is lower than that of fuel-oxygen mixtures [5] . Another case where sensitivity may be low is when the fuel is in the liquid phase. The energy required to initiate detonation of low-sensitivity propellants such as the fuel-air mixture and liquid phase mixture mentioned above is too much to directly initiate a detonation wave using commonly employed energy sources [4] .
To initiate a detonation wave using commonly employed energy sources, a deflagration-to-detonation-transition (DDT) process is commonly employed. However, a low-sensitivity combustible mixture needs both a long distance and time for the DDT process, which results in decreases in operating frequency and thermal efficiency. A number of methods for reducing the DDT length and time have been reported that use vortex generators such as the Shchelkin spiral in the upstream region of the detonation chamber. However, vortex generators in a detonation chamber may result in irregular ignition due to temperature increases during operation.
Another detonation initiation method is the "predetonator concept." Here, a detonation wave is readily initiated in a small-diameter tube (predetonator) using a low-energy source, and the detonation wave is transmitted into a larger-diameter detonation chamber containing a low-sensitivity mixture of propellants (the target gas) [4] .
Knowledge of the particulars of the detonation transition brought about by abrupt area changes from the predetonator to the main chamber is of importance in detonation studies, and many investigations have addressed this issue [6] [7] [8] [9] . It has been shown that the tube diameter d must be at least 13 times the cell size  for a successful detonation transition [10] [11] [12] . However, subsequent experimental studies showed that d c = 13 is not realized, as reviewed in [13] . Many methods for enhancing the detonation transition at the abrupt change of area have been proposed, and typical methods include the use of 1) shock reflection and shock-focusing devices [14] [15] [16] and 2) a cone-shaped exit with a gradual area change that reduces the lateral expansion [12, [17] [18] [19] .
Most detonation initiators use a driver gas mixture in the uppermost part of the tube: typically, hydrogenoxygen or ethylene-oxygen. The short DDT length (or time) of these mixtures makes it possible to use an extremely short predetonator, and using a driver gas mixture improves the ignition probability and reliability of a PDE system. However, the additional oxygen in the driver gas causes an increase in the onboard propellant weight and reduces the specific impulse (I sp ) of the PDE system. A performance analysis by Bussing et al. showed that a driver gas accounting for only 1% of the total combustion chamber volume results in a 22% reduction in I sp [20, 21] . Accordingly, it is desirable to minimize the driver gas usage since the amount of the driver gas is proportional to the sectional area of the predetonator and I sp increases as the diameter of the predetonator decreases.
To realize a successful transition of detonation at the predetonator exit in a PDE operating in air-breathing mode, in which the combustible gas is a fuel-air mixture, the authors propose a PDE initiator that uses a reflecting board near the exit of the predetonator tube, as shown in Fig. 1 [22, 23] . With the reflecting board, the detonation wave propagates around the reflecting board, and the wave shape change over three transition stages, as suggested in Fig.   2 : from planar (A) to cylindrical (B), toroidal (C), and back to planar again (D). Previous research [22] showed that the transition from the incident planar detonation wave ( Fig. 2-A) to an expanding cylindrical detonation wave ( Fig.   2 -B) in the first transition process is a sufficient condition for successful detonation wave propagation in the detonation chamber. Successful transition to the expanding cylindrical detonation wave ( Fig. 2-B ) occurs when the predetonator diameter d is larger than 6.3 and the reflecting board distance w equals the predetonator diameter d.
Inspired by a previous result where the transition to an expanding cylindrical detonation wave was found to be a sufficient condition for a planar detonation wave ( Fig. 2-D) to propagate in the detonation chamber, the authors further examined the situation experimentally with a "reflecting board" combined with "overfilling" of driver gas, as shown in Fig. 3 [23] . By using the configuration in Fig. 3 , the authors achieved a successful transition to the planar detonation wave (Fig. 2-D) when the overfilling distance h overfill was at least 33.2 mm. When h overfill was 33.2 mm, the expanding cylindrical detonation wave (Fig. 2-B) transformed not to an imploding toroidal detonation wave ( Fig. 2-C) but to a torus-shaped pressure wave because of the mixing effect of the driver gas and target gas around the reflecting board. The torus-shaped pressure wave concentrated at the axis of the detonation chamber behind the reflecting board (right side in Fig. 3 ) to generate a region of high temperature and high pressure sufficient for detonation re-initiation. Additionally, a 100-mm-long cylindrical reflector with an 80 mm diameter, as shown in Fig.   4 -1, was found to prevent the mixing effect of the driver gas and the target gas and make it possible to reduce the overfilling distance h overfill to 17.2 mm.
In the cylindrical reflector configuration (Fig. 4) , usage of the driver gas and the success or failure of the transition from the cylindrical detonation wave to the toroidal detonation wave are strongly influenced by the annular gap width L (gap between the chamber wall and the reflector, as shown in Fig. 3 ). In the previous study, the annular gap width L was fixed at 10 mm; the present study examined the effect of the annular gap width L on the detonation transition processes from the expanding cylindrical detonation wave to the toroidal detonation wave in the driver gas mixture and clarified the relation between the annular gap width L and required overfilling distance.
This study also examined the effect of changes in the annular gap width L on the transition processes from the toroidal detonation wave to the planar detonation wave and classified the process according to the L/parameter (ratio between the annular gap and cell size).
II. Experimental details
Two experimental configurations were used in this study. The left schematic in Fig. 4 shows the short chamber configuration, which was employed to show the effect of the annular gap width L on the detonation transition from the cylindrical detonation wave to the toroidal detonation wave. It consisted of a predetonator, detonation chamber, and cylindrical reflector (at II in the detonation chamber). The detonation chamber was 280 mm long and had an internal diameter of 100 mm. The predetonator upstream of the detonation chamber was 540 mm long and has an internal diameter of 10 mm. This length was sufficiently long compared with the DDT length of a stoichiometric hydrogen-oxygen mixture for this tube diameter. The annular gap width L was varied from 5 mm to 20 mm in increments of 5 mm by changing the diameter of the 100 mm long cylindrical reflector. In this experiment, the test gas mixture was a stoichiometric hydrogen-oxygen mixture.
The right schematic in Fig. 4 shows the long chamber configuration used to investigate the effect of L on the detonation transition from a cylindrical wave to a planar detonation wave. The predetonator was the same as in the short configuration, and the lengths of the detonation chamber and cylindrical reflector were 620 and 230 mm, respectively. Pressure histories were obtained at M1-M4, and an overfilling method was employed to demonstrate the propagation of the detonation from the driver gas to the target gas during the annular path. To overfill the driver gas in the combustion chamber, an additional volume was connected with the predetonator via a ball valve, as shown in Fig. 4 . Figure 5 depicts the overfilling procedure. Initially, the valve in the predetonator is closed and the driver gas mixture and target gas mixture fill the areas upstream and downstream of the valve, respectively ( Fig. 5-(A) ). The gases are completely mixed prior to the two chambers being filled. The pressure of the driver gas p 1 is higher than that of the target gas p 2 ; and when the valve opens ( Fig. 5-(B) ), the driver gas overfills to position h, and a balanced pressure p 3 is established. In the experiments, h was chosen to be 30 mm. The driver gas mixture was a stoichiometric hydrogen-oxygen mixture, and the target gas mixtures were stoichiometric hydrogen-oxygen mixtures diluted with nitrogen.
Common to all experiments, the initial pressure, the balanced pressure p 3 , was 1 atm. The cylindrical reflector was supported by four shafts connected to the upper flange of the detonation chamber. The reflector clearance, which is the distance from the predetonator exit to the upstream surface of the cylindrical reflector, was set to 10 mm. This is the necessary minimum value for a successful transition from the planar detonation wave in the predetonator to the cylindrical detonation propagating upstream of the reflector in a stoichiometric hydrogenoxygen atmosphere [22, 23] . A control device determined the timing of the valve opening and ignition and activated a spark plug 1 s after the valve opened. Soot foils collected tracks of the triple points of detonation waves at four locations, which are shown in Fig. 4 : the sidewall of the detonation chamber (I and III) and at the cylindrical reflector (II and IV).
III. Results and Discussion
Effect of annular gap width on the detonation transition from cylindrical to toroidal wave A series of experiments with the driver gas mixture (stoichiometric hydrogen-oxygen mixture) completely filling the combustion chamber showed the effect of the annular gap width L on the cylindrical-to-toroidal detonation transition. Figure 7 is a schematic representation of the progress of the expanding cylindrical detonation wave diffracting from the edge of the reflector board to the downstream. Observations of the chamber and reflector walls, as shown in Fig. 6 , indicated that the expanding cylindrical wave did not decay by the rarefaction waves from the corner of the reflector (line OC in Fig. 7 ) and maintained its strength while passing across the annular gap width L. Because the cell size  of a stoichiometric hydrogen-oxygen mixture is about 1.2-1.3 mm at ambient pressures, the reflector clearance here corresponded to 8-9. An earlier study established that when a detonation wave transits from a rectangular channel to an unconfined space, the critical width of the flow channel is 10 [10] . Compared with half the value of 10, the results here suggest that a value of 8-9 is large enough for the expanding cylindrical detonation wave to survive the rarefaction waves. Therefore, this condition would be a supercritical condition for the transition of the cylindrical detonation wave.
On the right side of the boundary line (first) in Fig. 6 , fine cellular structures were observed in all cases.
These structures indicate that the expanding toroidal detonation wave was reinitiated at the line (first) due to the strong reflection of the cylindrical detonation wave on the sidewall. On the left side of the boundary at line (second), no cellular structures were observed. This line (second) corresponds to the interface between the diffracted shock wave spreading along the sidewall of the reflector and the expanding toroidal detonation wave from the sidewall of the detonation chamber. A further reflection (third boundary line) was observed on the detonation chamber wall for the L = 5 mm case only. The distance from the upstream edge of the cylindrical body to the boundary line (second) strongly depended on the annular gap width L, and the distance was almost equal to the gap width. These experimental results suggest that angle  in Fig. 7 is approximately 45° regardless of the gap width L.
The Whitham theory [24] was applied to qualitatively evaluate the diffraction of the cylindrical detonation wave. The wall Mach number M w with the angle of the diffracted corner  is given by 
˚.
This result shows that the Whitham theory qualitatively agreed with the experimental results. Angle  depended only on the ratio a, which depends only on the physical properties of the driver gas if the corner angle is given. If the formation of a planar toroidal detonation wave propagating in the driver gas section is a sufficient condition for successful transformation to a planar toroidal detonation wave propagating in the target gas composition, it is only necessary to supply the driver gas mixture to the vicinity of the boundary line (second). At this point, the expanding toroidal detonation wave has completed much of the change to become a planar toroidal detonation wave. Therefore, the Whitham theory provides a good indication for the overfilling distance (w + l 2 ) = w + L tanwhen the strength of the cylindrical detonation wave is under a supercritical condition for diffraction of the reflector corner.
Experiments with hydrogen-oxygen driver gas mixtures overfilling into the hydrogen-air target gas mixtures were conducted by using the short chamber configuration. These experiments showed that the critical overfilling distance was around 30 mm regardless of the annular gap width L. The actual necessary overfilling distances were longer than the values expected by the Whitham theory because of the mixing effect of the driver gas mixture and target gas mixture at the contact surface. Figure 8 shows soot tracks on the sidewall of the detonation chamber and cylindrical reflector under the critical condition. Common to all gap widths, the positions of the first reflection l 1 and second reflection l 2 corresponded to those shown in Fig. 6 . The expanding toroidal waves commenced at the first reflection positions and transformed to the planar toroidal waves at the second reflection position. These planar toroidal waves were transmitted without quenching in the target gas area downstream of 30 mm. When L = 5, 10, and 15 mm, the cell sizes of the wave propagating in the target gas area were much smaller than that of the stoichiometric hydrogen-air mixture, which was about 10 mm at ambient pressures. These results suggest that the detonation wave at the exit of the annular path was an overdriven detonation. Unfortunately, downstream of the back face of the reflector, the planar toroidal wave was quenched by the rarefaction wave from the downstream edge of the reflector. The quenching line shifted downstream with increasing gap width. Finally, a successful transition to a planar detonation wave downstream of the chamber was only observed when L = 10 and 15 mm. These planar detonation waves were possibly reinitiated by the shock wave implosion downstream of the reflector.
Effect of the annular gap width on the detonation transition from toroidal to planar waves
As detailed above, the planar detonation wave at the exit of the annular path became an overdriven detonation in some cases. To obtain the steady planar toroidal detonation wave, the long chamber configuration-which had a 230-mm-long annular path as shown in Fig. 4 -was used. In these experiments, the overfilling distance of the stoichiometric hydrogen-oxygen driver mixture was set to 30 mm in all cases. Figure 9 shows the cell size plotted with data obtained in other investigations. The cell size  of the present study was measured 10 mm upstream from the aft end of the annular path, and the horizontal axis represents the nitrogen concentration of the target gas mixture. For the stoichiometric hydrogen-air mixture, the nitrogen concentration was 55.6%, and the cell size is about 10 mm. The present data are in good agreement with the previous data throughout the concentration range. Figure 10 represents the ratio of the detonation velocity D and theoretical value D cj with respect to the nitrogen concentration. The detonation velocity D was measured between M1 and M2 in Fig. 1 and the theoretical detonation velocity at the Chapman-Jouguet (CJ) state was calculated by the NASA computer program Chemical Equilibrium with Applications (CEA). The present data also agreed well with the theoretical values at nitrogen concentration of 0%-60% of nitrogen concentration. Above a nitrogen concentration of 60%, the cell size of the detonation wave exceeded the annular gap width and a steady planar toroidal detonation wave was not obtained. Figure 11 shows photos of the soot tracks on the sidewalls of the detonation chamber and pressure histories.
The nitrogen concentrations of the target gas mixture were 20%, 30%, and 32.5% from the top. The vertical broken line at 240 mm represents the downstream edge of the annular section. At 20% and 30%, there was a regular cell pattern with the cell size increasing at 30% N 2 downstream of the exit due to the rarefaction wave from the corner; however, the detonation wave was maintained. Such results were classified as "continuous transition." When the target gas mixture had 32.5% N 2 , the detonation wave was temporarily quenched at the exit by the rarefaction wave; this was classified as "temporal quenching." Figure 12 shows the kinds of transitions for various annular gap widths: circles and triangles represent continuous transition and temporal quenching, respectively, and the vertical axis represents the nitrogen concentration. When the annular gap width was equal to 5 mm, temporal quenching was observed even at a nitrogen concentration of 0%; no continuous transition cases were observed in the range of experimental conditions examined in the present study. The continuous transition limits depended on the gap width and the threshold value became larger as the gap width was increased. The kinds of transitions for the various annular gap widths shown in Fig. 12 were reevaluated by the L/ ratio, and the results are shown in Fig. 13 . The L/ threshold value for continuous transition was approximately 4. Accordingly, the critical annular gap width for successful transition of detonation wave may be determined as 4. The exit of the annular path in the experiments was similar to a rectangular outlet in that one side was a wall and the other was unconfined space. An earlier study showed that when a detonation wave transits from a rectangular outlet to unconfined space, the critical width of the flow channel is 10 [10] ; later studies showed that the critical width is a function of the aspect ratio of the exit cross section and that the critical width decreases from 10 to 3as the aspect ratio increases towards infinity [25, 26] . In this study, the toroidal detonation wave at the exit expanded only toward the inside of the chamber and not toward the outside. Compared with the half value of the critical width of 10 to 3for the rectangular outlet, the critical gap width of 4 determined for the annular exit here appears to agree well with the previous results. One of the differences between the rectangular outlet and annular exit here is the curvature of the cross section. In this study, only the inner curvature of the annular exit was changed by changes in the diameter of the reflector. However the effect of the inner curvature on the detonation transition status was not investigated.
IV. Conclusion
Two series of experiments were performed on the detonation transition from an expanding cylindrical detonation wave to a planar toroidal detonation wave around a cylindrical reflector to show the effects of the annular gap width of the annular flow passage.
When a driver gas mixture (stoichiometric hydrogen-oxygen mixture) filled the entire test section the expanding cylindrical detonation wave was sufficiently strong to survive the rarefaction waves from the corner of the reflector at all annular gap widths (5, 10, 15, and 20 mm), and the distance from the upstream reflector edge necessary for the cylindrical detonation wave to completely change to a planar cylindrical detonation wave was equivalent to the annular gap width. When the strength of the cylindrical detonation wave was under a supercritical condition for diffraction at the reflector corner, this distance was predicted well by the Whitham theory.
In tests on the effect of the annular gap width on the detonation transition from a planar toroidal detonation wave to a planar detonation wave in the long chamber configuration, two different types of detonation transitions were observed: continuous transition and temporal quenching. The threshold value of L/ (annular gap width vs. cell size ratio) for continuous transition was approximately 4; thus the critical annular gap width for successful transition of the detonation wave was 4. The exit of the annular path in the present experimental set-up was similar to a rectangular outlet, with one side a wall and the other unconfined space.
Compared with the half value of the critical widths of 10 and 3 for rectangular outlets with aspect ratios of 1 and infinity, the critical gap width of 4 for the present annular exit determined agreed well with other reports. 
